Clinically and experimentally, primary tumor formation and metastasis are distinct processes -locally growing tumors can progress without the development of metastases. This observation prompted the hypothesis that the molecular processes regulating tumorigenicity and metastasis are distinguishable and could be targeted therapeutically. During the process of transformation and subsequent progression to a malignant phenotype, both genetic and epigenetic alterations alter a cell's ability to perceive and respond to signals that regulate normal tissue homeostasis. A minority of tumorigenic cells accrue the full complement of alterations that enables them to disseminate from the primary tumor, survive insults from the immune system and biophysical forces, and respond to growthpromoting and/or inhibitory signals from the distant tissues and thrive there. Identification of genes and proteins that specifically inhibit the ability of cells to form metastases (e.g., metastasis suppressors) is providing new insights into the molecular mechanisms that regulate this complex process. This review will highlight: (a) the functional identification of metastasis suppressors, (b) the signaling cascades and cellular phenotypes which are controlled or modulated by metastasis suppressors, and (c) opportunities for translation and clinical trials that are based on mechanistic studies regarding metastasis suppressors.
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Functional Identification of Metastasis Suppressors
The identification of nm23, the first metastasis suppressor gene, provided functional evidence for the existence of genes that specifically regulate metastasis (1, 2) . Subsequent to this initial discovery, researchers used in vivo studies to identify additional metastasis suppressors. These pioneering studies used an unbiased approach to identify such candidates by demonstrating that ectopic expression of the putative suppressor gene inhibited the development of spontaneous macroscopic metastases without significantly affecting primary tumor growth (3 -5) . Recently, this definition has been extended to include genes which specifically inhibit metastatic colonization (i.e., experimental metastasis formation using i.v. injection). The use of in vivo assays is required because in vitro assays are often of inadequate complexity to sufficiently model the entire process of metastasis. Furthermore, there are currently no in vitro models that allow the study of preferential growth within different target tissues. Table 1 lists the proteins which have bona fide metastasis suppressor activity in vivo (i.e., suppression of metastasis following ectopic expression into metastatic cell lines). It is interesting to note that metastasis suppressor activity for many of these genes would not have been predicted a priori based on their known cellular function(s). Furthermore, the unbiased, functional strategy identified novel genes for which no cellular function was known at the time of discovery.
Metastasis suppressors can impart their suppressive activity at one or more of the steps in the metastatic cascade (6) . For example, in vivo studies showed that metastatic cancer cells which express ectopic KISS1, JNKK1/MKK4, MKK6, MKK7, TXNIP, nm23-H1, or SSeCKS proteins could successfully disseminate and lodge at secondary sites, but are suppressed in their ability to colonize (i.e., form overt metastases) target tissues (7 -12) . After lodging at secondary sites, disseminated cells may die, persist as nondividing cells, or initiate growth (13) . Such pivotal cellular decisions depend on both the expression of a specific gene profile as well as the activation status of key signaling pathways and the cumulative inputs of timing, amplitude, and duration of signaling responses. In short, cells expressing metastasis suppressors grow at primary sites, but fail to proliferate at secondary or metastatic sites, suggesting differential responses to site-specific external signals. Although the observation that a gene of interest functions as a metastasis suppressor is an excellent starting point, research is now focused on the biochemical and molecular mechanisms by which metastasis suppressor proteins execute their in vivo functions.
JNKK1/MKK4, nm23-H1, RKIP), mitochondria (e.g., caspase 8), and nucleus (e.g., BRMS1, CRSP3, TXNIP) (14 -21) .
Cells respond to external stimuli by using a limited number of signaling pathways. Signaling specificity is achieved, at least in part, by combinatorial spatiotemporal activation of signaling proteins. The summation of these signaling events, enabled by a cell-specific gene expression profile, is a tailored, situationappropriate response. During the process of transformation and progression to a malignant phenotype, both genetic and epigenetic alterations influence a cell's ability to perceive and respond to signals which regulate normal tissue homeostasis. The accumulation of such alterations during progressive rounds of cell division could endow a minority of tumorigenic cells with the ability to disseminate from the primary tumor. It is likely that as a result of these changes, metastatic cells are no longer bound by tissue-of-origin -derived signaling specificity and acquire the ability to modulate their responses to the changing environments encountered throughout the metastatic cascade. Current data supports a model in which ectopic expression of metastasis suppressor proteins may restore, at least in part, the endogenous signaling repertoire of earlier, more benign cellular generations, thereby blocking metastasis formation. In this light, metastasis formation can be viewed as the result of a cell's ability to respond to multiple growth milieus as opposed to being restricted to growth in the microenvironment of the tissue of origin.
Defining pathways regulating metastatic growth requires the integration and interpretation of data obtained over experimental settings ranging from the molecular interactions of specific proteins, to communication between signaling networks within single cells, and ultimately cellular interactions among populations of cells that yield a particular disease state. This line of inquiry is a particular challenge in studies of metastasis regulation because of the complexity and diversity of downstream events that take place in metastasis formation. The majority of metastasis suppressors identified participate in highly conserved eukaryotic signal transduction pathways. Based on their known biochemical functions, we have divided the metastasis suppressors into four general signaling categories: cytoskeletal signaling, mitogenic pathways, stress-activated pathways, and survival pathways (Fig. 1) . Although it may seem straightforward to place a metastatic suppressor into a linear signaling pathway, it is important to be mindful that these pathways are, in fact, dynamic networks that exist in series and parallel leading to crosstalk and interplay; phenomena known as emergent properties.
Cytoskeletal and Extracellular Matrix^Related Signaling
The cytoskeleton is a dynamic structure that enables motility, deformability, and flexibility, while maintaining cellular architecture. For most nonhematopoietic cells, motility is an ancillary function; however, as a nonhematopoietic cell transitions from the benign to the invasive to the metastatic state, motility becomes an increasingly paramount ability. Without a dynamic actin cytoskeleton, a tumor cell would be incapable of intravasation or extravasation, and the cellular deformability is necessary to complete the metastatic cascade. Not surprisingly, several proteins involved in cellular motility have been implicated as metastasis suppressors.
The Rho family of GTP-binding proteins, which include Rho, Rac, and Cdc42, are central players in the regulation of actin dynamics. The Rho-GTPase family consists of small 20 to 30 kDa monomeric GTP-binding proteins that bind GDP/GTP and hydrolyze GTP, leading to the activation of downstream effector molecules (22) . In this signaling scheme, metastasis suppressors have been identified as upstream inhibitors of the Rho family (23), or downstream effectors (24) . RhoGDIs inhibit Rho family members by impeding the dissociation of GDP from Rho proteins, thereby locking the Rho protein in its inactive state, preventing Rho proteins from interacting with effector targets, and/or sequestering Rho-GTPases in the cytosol (25) . RHOGDI2 was shown to suppress experimental lung metastasis but not affect in vitro growth or in vivo tumorigenicity.
The Src-suppressed C kinase substrate is a protein kinase C substrate with protein scaffolding properties that have been shown to be a negative regulator of Rho family members (26) . Reexpression of Src-suppressed C kinase substrate suppressed secondary lung metastases in nude mice and increased cell-cell adhesion, yet had little effect on primary tumor growth (10) . Furthermore, Src-suppressed C kinase substrate reexpression at physiologic levels suppresses podosome formation and correlates with the induction of normal actin cytoskeletal structures and cell morphology, but not with the inhibition of Src kinase activity in cells (26) .
The finding that RhoGDI displayed the ability to suppress metastasis suggested that the downstream molecules it inhibits may have metastasis-promoting activities. This hypothesis seems to hold true in that mice deficient in RhoC, a target of RhoGDI, displayed a marked decrease in metastasis potential (27) . Furthermore, specific inhibition of a downstream effector of Rho, ROCK, decreased tumor cell invasiveness in vitro and reduced the dissemination of tumor cells implanted in the peritoneal cavity in vivo (28). RhoGDI2 has also been shown to regulate secreted growth factors such as endothelin 1 (ET-1), which contribute to metastasis and will be discussed below (29) . This prometastasic activation of effectors downstream of the Rho family is not universal. Gelsolin is a downstream effector of Rac that regulates the length of actin via its filament severing and capping activities. Overexpression of gelsolin has been shown to inhibit metastasis in vivo (24) . Counterintuitively, gelsolin is an indispensable protein of podosomes, which are thought to play an active role in tissue invasion and matrix remodeling through their regulation of matrix metalloprotease (MMP) activity (30, 31) .
Cell interactions with the extracellular matrix and with neighboring cells trigger numerous responses that have essential roles in the regulation of behavior and fate. Integrin-mediated cell adhesions provide bidirectional links between the microenvironment and the cytoskeleton. This crosstalk between a cell and its local environment occurs whether the cell is benign, malignant, or metastatic. In this light, the cytoskeleton serves as a conduit for the integration and processing of intracellular and extracellular information; however, changes in the cytoskeletal program during pathologic progression may alter how this information is integrated and processed. Two metastasis suppressors have been shown to have interactions with integrins. Connective tissue growth factor is a 38-kDa cysteine-rich heparin-binding protein which is a secreted growth factor that can bind to integrins on the cell surface (32) . Ectopic expression of connective tissue growth factor inhibited metastatic colonization by lung cancer cells (33) . In contrast, the KAI1 metastasis suppressor protein is a member of the tetraspanin family of proteins and has been shown to interact with a myriad of cell surface proteins including other tetraspans (i.e., CD9, CD81), integrins h1 and h2, MHCII growth factor receptors, and intracellular signaling proteins such as protein kinase C (34) . It has been hypothesized that KAI1 modulates integrin and growth receptor signaling by accelerating the rate of internalization via a protein kinase C -dependent pathway, thereby modulating cell adhesion and cell migration (34) . Furthermore, KAI1 has been shown to decrease the integrin-and ligandinduced activation of the receptor tyrosine kinase c-Met, and independently decreases integrin-induced Src activation. Both c-Met and Src are thought to be required for invasion (35) . A final observation with respect to the involvement of integrins in metastasis suppressor activity concerns caspase-8 function.
Loss of caspase-8 in neuroblastoma cells leads to increased survival and an increased incidence of metastasis. The induction of caspase-8-mediated apoptosis seems to be due to unligated integrins because decreased expression of unligated integrins enhanced cell survival (36 -38) .
Claudin-4 is a component of tight junctions which form the most apical component of intercellular junctional complexes where they establish cell polarity and cellular functions such as permeability (39, 40) . These intercellular junctions not only carry out adhesive functions but also contain crucial components of signaling pathways that regulate epithelial proliferation and differentiation. Complementary in vitro and in vivo studies identified claudin-4 as an inhibitor of invasion and metastasis in pancreatic cancer cells and a target of transforming growth factor-h and extracellular signal-regulated kinase (ERK) signaling (40, 41) .
RECK, a membrane glycoprotein that encodes a GPIanchored glycoprotein harboring three protease inhibitorlike domains, has been shown to negatively regulate MMP-2, MMP-9, and MT1-MMPs in vitro, suggesting that it is an important regulator of extracellular matrix remodeling. Furthermore, RECK-null mouse embryos displayed markedly elevated MMP activity. Interestingly, RECK is down-regulated by Ras signaling, a commonly altered pathway in many malignant cells (42) .
The role of some putative metastasis suppressors is more complex. There are several examples of a protein functioning as a metastasis suppressor in one model and a potential tumor suppressor in another. For example, CD44 is a transmembrane glycoprotein that mediates responses of the cell to their cellular microenvironment. Although it has been reported in the literature that overexpression of CD44 has been shown to suppress metastasis in the AT3.1 prostate cancer system (43, 44) , other reports have indicated that CD44 may augment metastatic activity (45, 46) . Notably, a splice variant of CD44, variant v7-v10, facilitated the invasion and up-regulation of CD44 and has been suggested to be a poor prognostic marker (47).
CD44 is not the only protein to have an enigmatic role in metastasis. Cadherins are a superfamily of transmembrane glycoproteins that mediate cell-cell adhesion in various tissues in a calcium ion -dependent manner (48) . Cadherin function is controlled by its cytoplasmic tail. Both Ncadherin and cadherin-11 seem to inhibit cell migration and the in vivo metastatic potential of LM8 osteosarcoma cells (49) . However, other studies have suggested that cadherins may promote invasion (50 -53) . It is important to note that cancer cells of differing tissue origins were used in several of the studies. The tissue specificity of metastasis suppressor function is consistent with the tissue-specific response to, and integration of, information through signal transduction pathways.
KISS1 is a secreted protein and is hypothesized to undergo processing by prohormone convertases (19) 
Stress-Activated Pathways
The stress-activated protein kinase/c-Jun-NH 2 -kinase (JNK) and p38 pathways operate in parallel to the mitogen-activated protein kinase (MAPK)/ERK pathway. In contrast to the association of ERK with proliferation, JNK and p38 have been classically associated with cell cycle arrest and apoptosis in response to environmental stresses and cytokines, pH changes, UV irradiation, hypoxia, and growth factor deprivation (54). Several MAP2Ks specifically activate either p38-or JNKmediated signaling. The JNKK1/MKK4 protein is a dualspecificity kinase that has been shown to phosphorylate and activate the JNK and p38 MAPKs in response to a variety of extracellular stimuli. JNKK1/MKK4 can function as a metastasis suppressor in both prostate and ovarian cancer models. Complementary in vitro (biochemical) and in vivo (metastasis) assays showed that the kinase activity of JNKK1/MKK4 is required for the suppression of overt metastases and is sufficient to prolong animal survival. Subsequent studies identified metastasis suppressor activities for MKK7 and MKK6 in prostate and ovarian cancers, respectively. Of interest is the finding that in ovarian cancer models, JNKK1/MKK4 signals through the p38 arm of the pathway to suppress metastasis (12) , whereas in prostate cancer models, JNKK1/ MKK4 signals through the JNK arm of the pathway to suppress metastasis (55) . In vivo studies show that both JNKK1/MKK4 and MKK7 suppress the formation of overt metastases by inhibiting the ability of disseminated cells to colonize the lung (8, 12, 55, 56) .
The identification of a metastasis suppressor function for thioredoxin-interacting protein (TXNIP, also called vitamin D up-regulating protein-1, or thioredoxin-binding protein 2) represents another mechanistic link between the cells' response to cellular stress and modulation of metastatic ability. TXNIP is an endogenous inhibitor of cytoplasmic thioredoxin, a component of a ubiquitous thiol-reducing system that has been implicated in cancer progression (57) . The levels of reactive oxygen species in cells are critically regulated by endogenous antioxidants (such as the thioredoxin system) in order to prevent oxidative damage to organelles and macromolecules, including DNA (58) . The primary source of cellular reactive oxygen species is the mitochondrial electron transport chain. If electron transport is blocked, through disruption of mitochondrial membrane integrity, chemical inhibition, or in response to hypoxia, electrons escape to react with molecular oxygen or water; thereby generating highly reactive superoxide anions or hydroxyl radicals (58), setting forth a chain of events that result in necrotic cell death, inflammation, and potentially promotion of metastasis. At this time, how, and if, ectopic expression of TXNIP modulates these events to suppress metastasis formation is currently unknown.
Mitogenic Pathways
The MAPK/ERK pathway is activated by mitogenic ligands such as platelet-derived growth factor, epidermal growth factor, or insulin, which activate receptor tyrosine and serinethreonine kinases. The binding of mitogenic factors to cell surface receptors initiates a series of phosphorylation/activation reactions that culminates with the activation of various transcription factors and DNA-binding proteins (59, 60) . Signal amplification and regulation may occur at each step in this pathway. Specificity is conferred through both the affinity of a kinase for a given substrate, as well as protein expression levels. Additional levels of regulation are conferred by intracellular localization and interaction with scaffolding or adaptor proteins. These events may be important targets for regulating metastatic progression. In the case of metastasis suppression, the nm23-H1 protein interacts with the MAPK module by binding to and phosphorylating the kinase suppressor of Ras (KSR) protein, a scaffold protein that has a role in the regulation of Ras activity and activation of the MAPK/ERK pathway (61) . KSR has been shown to positively regulate Ras-mediated MAPK signaling, suggesting that nm23 ¶s metastasis suppression activity may be mediated by the inhibition of KSR-enabled MAPK signaling (62) . Raf kinase inhibitor protein (RKIP) was identified as a metastasis suppressor gene in human prostate cancers (63) . RKIP functions as a negative upstream regulator of MAPK/ERK signaling (20, 64) . Raf and MAP/ERK kinase interact with RKIP at overlapping sites, and binding of either molecule inhibits binding of the other. Both binding domains must be destroyed in order to alleviate RKIP-mediated MAPK inhibition (64) . Thus, RKIP may suppress metastasis by inhibiting Raf-mediated phosphorylation of MAP/ERK kinase.
Survival Pathways
Two metastasis suppressors, Brms1 and Drg1, are associated with the phosphoinositide 3-kinase (PI3K)/AKT signaling module. The PI3K signaling pathway plays a key role in many aspects of cell survival and growth. Class 1 PI3Ks are heterodimers composed of an inhibitory adaptor/regulatory (p85) and a catalytic (p110) subunit. p85 binds and integrates signals from various cellular proteins such as RTKs, and provides an integration point for the activation of p110 and downstream molecules. Activated, PI3Ks phosphorylate phosphatidylinositol-4,5,bisphosphate (PIP 2 ) to produce phosphatidylinositol-3,4,5,bisphosphate P3 (PIP 3 ), a second messenger that binds a subset of downstream targets, predominantly the serine-threonine kinase, AKT and PDK1. Fully activated AKT also regulates a wide range of target proteins that control cell proliferation and survival (65) . The levels of PIP 3 are strictly regulated and several lipid phosphatases rapidly remove it. Of particular interest is the 3 ¶-phosphatase PTEN, which converts PIP 3 to PIP 2 , inhibiting PI3K signaling (66) .
The Brms1 metastasis suppressor protein (67, 68) has been functionally associated with the modulation of phospholipid metabolism. Specifically, Brms1-expressing cells showed significant decreases in endogenous levels of PIP 2 (i.e., <10% of controls). This finding is consistent with a model in which Brms1-associated changes in PI3K signaling impair the ability of disseminated cells to survive in the circulation and progressively grow at secondary sites. In contrast, expression of the metastasis suppressor Drg-1 is apparently modulated by PTEN. Of clinical relevance is the finding that PTEN expression correlates significantly with Drg-1 in both prostate and breast cancer cases and that the two markers in combination emerged as a significantly better predictor of prostate and breast cancer patient survival than either marker alone (69).
The Feasibility of Suppressing Metastasis as a Therapeutic Objective
The evidence acquired from the cell molecular and genetic studies outlined above indicates that the metastatic process requires many steps to complete. The impairment of only one step in this chain of in vivo events thwarts the overall process and produces a clinically beneficial result. This principle enabled the identification of metastasis suppressor proteins. Despite the simplicity of the concept, however, the application is not as straightforward because deciding which signaling nodes in the metastatic process are ''therapeutically viable'' is not immediately obvious.
Clinical observations have yielded insights into this problem by defining metastatic colonization as the step in the metastatic cascade that is tractable from a therapeutic point of view. A clinical vignette will best illustrate this point. Up to 60% of invasive bladder cancers are associated with metastatic recurrence and death (70), despite aggressive treatment (i.e., radical cystectomy, chemotherapy). These results clearly indicate that many patients with invasive disease harbor microscopic disseminated cancer cells at diagnosis. Therefore, preventing the outgrowth of disseminated cells into the lethal clinically detectable metastatic lesions (i.e., the process of ''metastatic colonization'') would constitute a major step forward for cancer therapy. This approach offers considerably more hope than efforts aimed at preventing cancer cells from escaping the primary tumor for the simple fact that this latter process has already taken place when the patient is first diagnosed with advanced cancer. In fortunate cases where this process has not yet occurred, conventional local therapies such as surgery and radiotherapy can effectively cure the patient, eliminating the need for additional therapy aimed at the metastasis. In summary, herein lies an exceptional opportunity for metastasis prevention: preventing the growth of disseminated tumor cells into an overt clinical metastasis or directly eliminating the microscopic metastases. Even if the latter approach were not possible, the former could, in essence, hold microscopic disease in check, providing increased patient survival. One of the continuing challenges associated with both of these approaches is the identification of patients at risk for disease recurrence, i.e., those that harbor microscopic disease, so they may receive adjuvant therapies aimed at metastatic disease. Predictive tools that can be applied to this problem include both high-sensitivity tumor imaging (71), as well as molecular evaluation of the primary tumor to help predict the development of metastasis (72) .
Clinical-Translational Advances
From a theoretical standpoint, it has been difficult to envision ''growth'' of the disseminated tumor cells at a secondary site (such as the bone, liver, lung, and brain) as being distinct from that at the primary site, particularly with reference to the tumor cell. However, tumor cells encounter distinct microenvironments in the primary and secondary sites, and these interactions can facilitate or repress growth. Examples include locally produced chemokines and cytokines, as well as cell-cell interactions in specialized environments such as the bone, liver, lung, and brain (73, 74) . By applying these concepts together with the basic biology of metastasis suppressor protein function, one can begin to formulate therapeutically viable approaches.
In essence, there are two ways to functionally restore metastasis suppressor proteins. The selection of these approaches hinges on knowledge of the fundamental defect leading to loss of metastasis suppressor protein expression. For example, if the gene is mutated, then it follows that replacement of a normal gene would be the appropriate intervention. In contrast, if loss was secondary to suppressed transcriptional expression, for example, then approaches aimed at reexpressing the endogenous gene seem warranted. Below, we will provide an example of each approach from recent literature that have exploited the basic science biology of the first identified metastasis suppressor, nm23-H1 (2, 75), towards a translational application.
Restoration of metastasis suppressor protein function in disseminated tumor cells. In many cases, ovarian cancer is associated with metastasis that occurs before diagnosis. A recent study (76) used adeno-associated virus -mediated gene transfer to reexpress nm23-H1 and evaluate whether this would prevent ovarian cancer metastasis in an animal model of this disease. A cell line of high metastatic potential to the liver derived by in vivo selection was used to evaluate the biological significance of nm23-H1 reexpression on liver metastasis. Following orthotopic implantation of these cells, an adeno-associated virus construct expressing nm23-H1 was injected i.p. This therapy resulted in expression of the transgene gene in most of the tumor cells in situ in mice, and was associated with a 60% reduction in the number of animals developing liver metastases and a 35-day prolongation of median survival. This work provides proof of principle of the value of nm23-H1 induction as a therapeutic approach towards ovarian cancer. The advantages of this approach are also related to the biology of ovarian cancer, which is a disease that rarely spreads outside the abdominal cavity. In addition, high-dose i.p. inoculation with gene therapy vectors is feasible and avoids the problems associated with i.v. inoculation (77, 78) .
A recent development from the Steeg laboratory also exploited the characteristics of the nm23-H1 metastasis gene but applied the second approach mentioned above, i.e., reexpression of the endogenous gene as a therapeutic tool. Here, the objective was to find a therapy that would induce nm23-H1 expression and allow patients at high risk to go on lifelong maintenance therapy aimed at elevation of the nm23 expression. This type of therapy would require a drug that is relatively nontoxic and with an easily tolerated dose and schedule. Several agents have been reported to elevate nm23-H1 expression. For example, all-trans retinoic acid was reported to elevate nm23-H1 expression in a hepatocellular carcinoma cell line (79) , whereas g-linolenic acid elevated the nm23-H1 expression of MDA-MB-231 breast carcinoma cells (80) . By carrying out an analysis of the nm23-H1 promoter, the Steeg laboratory noted that dexamethasone (glucocorticoid receptor -mediated) elevated the nm23-H1 expression of metastatic breast carcinoma cell lines (81, 82) . Medroxyprogesterone acetate (MPA) is a progestin used at low concentrations in birth control and hormone replacement therapy, as well as at high concentrations in breast cancer chemotherapy (83, 84) . Furthermore, MPA elevated nm23-H1 expression and inhibited soft agar colonization (82) , and this effect was mediated through glucocorticoid receptor. The effect of MPA on the elevation of nm23-H1 expression was tested in an in vivo model system for the outgrowth of metastases (85) . Using the MDA-MB-231 breast carcinoma cell line to generate lung metastases, mice were randomized to vehicle control or MPA. Metastases developed in 100% of control mice versus 64% to 73% of MPAtreated mice. The mean number of gross metastases per mouse was reduced by 33% to 62% depending on the MPA dose. Large metastases (>3 mm in any diameter) were reduced by 55% to 75% in the MPA-treated mice. Thus, MPA inhibited the incidence, number and size of metastases in this model. This reduction in metastases was associated with nm23-H1 reexpression in the lung tumors. Importantly, a phase II trial of MPA in patients with lymph node metastases and estrogen-and progesterone-negative tumors is planned.
Identification of ''druggable'' gene expression alterations associated with loss of metastasis suppressor protein expression. A natural expectation would be that functional loss of metastasis suppressor proteins is associated with gene expression changes, and consequently, cellular phenotypic alterations. Recently, this premise, coupled with the idea that loss of metastasis suppressor proteins is associated with the overexpression of prometastatic genes, was used to describe a novel therapeutic approach. These studies focused on RhoGDI2, a suppressor of metastasis in an isogenic model of bladder cancer metastasis (86) , whose reduced expression was found to be associated with decreased survival for patients with bladder cancer (87). Titus et al. (29) postulated that RhoGDI2 works as a brake on the expression of prometastatic genes and sought to identify such genes in a combined analysis of the isogenic xenograft lung metastasis model and primary human bladder carcinomas. Because clinical reconstitution of RhoGDI2 protein is currently impractical, they sought to discover clinically druggable proteins or pathways downstream of RhoGDI2. These candidate genes were required to be up-regulated following the loss of RhoGDI2 protein from the cells, and be capable of being inhibited by small-molecule antagonists or functionally antagonistic antibodies.
Using DNA microarrays to monitor the changes in gene expression following restoration of RhoGDI2 expression in metastatic cells, several potentially targetable proteins were identified, including ET-1. This finding was confirmed by examining the relationship between RhoGDI2 expression levels and those of ET-1 in human tumor samples (29) . Furthermore, inhibition of the endothelin axis with orally bioavailable smallmolecule antagonists of the endothelin receptor A, such as Atrasentan, lead to metastatic suppression in cells deficient for RhoGDI2 (29) . The endothelin ligand has been shown to regulate vascular tone, tissue differentiation, cell proliferation, hormone production, cell invasion, angiogenesis, and bone remodeling (88) . ET-1 also has potent effects on cells in the skeleton (88) and lung (89) , two important sites of bladder cancer metastasis (70) . In addition to such direct effects, ET-1 may indirectly increase vascular endothelial growth factor and induce hypoxia-inducing factor 1-a (90). ET-1 and vascular endothelial growth factor stimulate one another (91) , resulting in the proliferation of endothelial and vascular smooth muscle cells thus promoting tumor growth. Previous work also shows a role for tumor-secreted ET-1 in skeletal metastases from breast and prostate cancers (92) and supports a model in which tumor-secreted ET-1 stimulates bone cells, in turn, providing a fertile microenvironment for metastases.
Collectively, these findings indicate that adjuvant trials with endothelin antagonists may be considered for patients with advanced bladder cancer following therapy of the primary lesion. The rationale for its use in the adjuvant setting stems from the remarkable effect these drugs have had in preventing experimental metastasis. These findings, however, do not exclude the utility of these drugs in established early metastatic disease, but this is yet to be tested experimentally. The molecular relationship shown between ET-1 and RhoGDI2 is significant because of clinically tested, orally active, smallmolecule endothelin receptor A antagonists such as Atrasentan with good clinical safety profiles (92) . In fact, in patients with prostate cancer, treated in a recently reported dose escalation trial, the most common adverse events were rhinitis, headache, and peripheral edema, indicating that Atrasentan is well tolerated. In this study, there was no observed dose-limiting adverse event observed at doses up to 95 mg (93), whereas in other studies, quality of life was not adversely affected by this drug (94) . Finally, the application of this effector discovery approach to other metastasis suppressor proteins could identify potential novel targets for therapy in other common malignancies (95, 96) .
